The objective of this work is to analyze the temporal and spatial variability of the total ozone column (TOC) trends over the Yangtze River Delta, the most populated region in China, during the last 35 years using remote sensing-derived TOC data. Due to the lack of continuous and well-covered ground-based TOC measurements, little is known about the Yangtze River Delta. TOC data derived from the Total Ozone Mapping Spectrometer (TOMS) for the period 1978-2005 and Ozone Monitoring Instrument (OMI) for the period 2004-2013 were used in this study. The spatial, long-term, seasonal, and short-term variations of TOC in this region were analyzed. For the spatial variability, the latitudinal variability has a large range between 3% and 13%, and also represents an annual cycle with maximum in February and minimum in August. In contrast, the longitudinal variability is not significant and just varies between 2% and 4%. The long-term variability represented a notable decline for the period 1978-2013. The ozone depletion was observed significantly during 1978-1999, with linear trend from (−3.2 ± 0.7) DU/decade to (−10.5 ± 0.9) DU/decade. As for seasonal variability, the trend of TOC shows a distinct seasonal pattern, with maximum in April or May and minimum in October or November. The short-term analysis demonstrates the day-to-day changes as well as the six-week system persistence of the TOC. The results
Introduction
Ozone, a type of trace gas in the Earth's atmosphere, plays a critical role in regional and global climate change, human health, and environmental conditions. Approximately 90% of the ozone in the atmosphere concentrates in the stratosphere, from 10 to 40 km above the Earth's surface. Although the proportion of ozone in the atmosphere is low, it filters certain wavelengths of incoming solar ultraviolet (UV) light [1] and protects humans from UV. In 1974, some scientists discovered that anthropogenically released chemicals such as chlorofluorocarbons (CFCs) and other chlorine-containing volatile gases have a potentially damaging effect on ozone in the stratosphere [2, 3] . The destruction of the ozone layer has been located and scientifically discussed. In addition, a process of stratospheric ozone depletion in the Antarctic during spring months was made public [4, 5] . Further studies have shown that ozone depletion occurred not only in the Antarctic but also in other latitudes, which indicates it has become a global phenomenon [6] [7] [8] [9] . Apart from the anthropogenic factor, there are many geophysical parameters that affect the ozone, including the Quasi-Biennial Oscillation, an 11-year cycle of the solar flux, the scaling effect in planetary science, the stratosphere-troposphere exchange, and so on [10] [11] [12] .
The decrease of stratospheric ozone leads to the increase of UV radiation at the Earth's surface [13] , resulting in the increased risk of several severe human diseases, such as skin cancer and eye cataracts [14] [15] [16] . In addition to its effects on mankind, UV radiation can disturb the normal genetic activity of plants and has negative impacts on the growth of plants [17] . Furthermore, ozone is a strong greenhouse gas in the Earth's atmosphere, as it absorbs both ultraviolet and infrared radiation [18, 19] . Variations of atmospheric ozone inevitably affect global or regional climate change [20] . Therefore, investigating the temporal and spatial variability of the total ozone column (TOC) at the regional or global scale has caught the attention of scientists and government officers [16, [21] [22] [23] .
The Yangtze River Delta (YRD) lies in the east of China, covering Shanghai city, southern Jiangsu province, and eastern and northern Zhejiang province [24] (Figure 1 ). Shanghai is the most populated metropolitan city in China, and Nanjing, Suzhou, Hangzhou, and Ningbo are among the most important economics hubs of China. The Yangtze River Delta has a population of more than 75,000,000. Therefore, the UVB variability and climate change caused by ozone change may potentially contribute to many human health issues in this very large population. Although there is an increasing interest in monitoring TOC, the ground stations for automatic TOC measurements are quite scarce over China. According to the World Ozone and Ultraviolet Radiation Data Centre (WOUDC), there are only seven ground-based stations (Lhasa, Lin'an, Xianghe, Longfengshan, Gonghe, Kunming, and Waliguan) to measure the TOC, and only five of them (Lhasa, Xianghe, Longfengshan, Kunming, and Waliguan) are still in use. Moreover, only Lin'an station is located in the Yangtze River Delta; however, it no longer provides new data. Fortunately, TOC measurements derived from remotely sensed data collected by multiple satellite platforms have been demonstrated to be effective to quantify the spatiotemporal variability of TOC at various scales by many researchers [22, [25] [26] [27] [28] [29] [30] [31] . At the same time, the studies on the TOC variations in YRD are scarce so far. Thus, investigating the spatiotemporal variations of TOC in YRD from satellite-derived data can improve the understanding of the spatiotemporal distributions of ozone in YRD and East Asia.
The main objective of this work is to quantify the temporal and spatial TOC variability over YRD from 1978 to 2013 using satellite measurements from multiple platforms. Two types of long series TOC data derived from an Ozone Monitoring Instrument (OMI) and a Total Ozone Mapping Spectrometer (TOMS), respectively, are used in this work.
The rest of this article is structured as follows. The datasets used in this study are described in Section 2. Section 3 explains the methodology which is used for deriving the spatial and temporal variability of TOC. The results are presented in Section 4, including the spatial variability and multiple temporal scales (long-term, seasonal, and short-term) variabilities. The last part is the conclusions of this study.
Data
The [33] . The TOMS TOC data have been processed by the TOMS algorithm (V.8) developed by NASA Goddard's Ozone Processing Team. TOMS TOC data includes level 3 gridded data (spatial resolution is 1.0° × 1.25°) and level 2 instrument resolution data (spatial resolution is between 50 × 50 km and 26 × 26 km pixel at nadir). In this paper, the analysis was done using level 3 gridded data. NASA official warned that the data since 2000 was not recommended for trend analysis [23] . The reason is the inhomogeneous degradation of the scanner mirror on TOMS. That leads to the Earth Probe (EP) TOMS instrument no longer producing accurate ozone data. The calibration appeared to be stable near the equator. However, at about 50° latitude, the error could reach −2% to −4%, with a slightly larger value in the northern hemisphere than in the southern hemisphere. Since our study area, the Yangtze River Delta, is located in the northern hemisphere and far away from the equator, only long-term variability research with TOMS data during the period 1978-1999 will be used.
An OMI instrument installed on Aura provided daily data from October 2004 to now. The OMI is the successor of the NASA's TOMS (on the Nimbus-7, Meteor-3, and Earth Probe) instrument and ESA's GOME instrument (on the ERS-2 satellite). OMI can measure many key air quality components such as NO2, SO2, BrO, OClO, and aerosol characteristics [34] . It can also provide much better ground resolution than TOMS. Many researchers have validated the results of the TOC data products of OMI [34] [35] [36] . In this paper, we will use gridded data whose spatial resolution is 1° × 1°. OMI data also have been processed through the TOMS algorithm (V.8). Figure 1 shows the coverage area of TOC gridded data from TOMS (cells with black solid outlines) and OMI (cells with gray dashed outlines) over YRD. The resolutions of two datasets are different, i.e., the resolution of OMI daily grid is 1° × 1°, while the resolution of TOMS grid is 1.25° × 1°. In order to facilitate the studies, we analyzed the variability of TOC in accordance with the TOMS's grid. Thus, the YRD is divided into 30 cells with a size of 1.25° × 1°, extending between 28°N and 34°N (six latitudinal bands) and between 117.5°E and 123.75°E (five longitudinal bands) (cells with black solid outlines in Figure 1 ). The original TOC data from OMI are resampled into TOMS grid based on the overlapped proportion of cells in the two types of grids. The spatial variability is quantified by calculating the coefficient of relative variation (CRV) [29] , as a percentage, for each latitudinal and longitudinal band (Equation (1) In order to quantify the long-term ozone trend, the deseasonalization process is necessary. The annual cycle is estimated from the best fit of the daily TOC time series [29, 37] :
Methodology
where t is the time in days of year, m (DU) is offset, To analyze the short-term variability, DDV (day-to-day variability) is calculated by using Equation (3):
where and +1 represent the daily TOC of days i and i + 1, respectively. In addition to DDV, the temporal autocorrelation coefficients (TAC) also are used to quantify the short-term variability (Equation (4)) [38] , which can indicate the persistence of the TOC series:
where d represents the temporal lag in days, T is the total number of days, , + are the daily TOC of days i and i + d, and ̅̅̅̅̅̅ is the daily mean values of the TOC. The daily mean TOC values are defined through Equation (5):
Results and Discussions

Spatial Variability
Each latitudinal band was only noted by its latitude because they all had the same longitude range. Each longitudinal band was only noted by its longitude.
The daily CRV variable (Equation (1)) and their uncertainty (the standard error) were computed for the six latitudinal bands from 28° to 34°N and the five longitudinal bands from 117.5° and 123.75°E over YRD. The variations of the six latitudinal bands and the five longitudinal bands are shown in Figure 2 . Note that each latitudinal or longitudinal band was labeled using its central latitude or longitude. It can be found that the longitudinal CRV is higher than the latitudinal CRV. The average value of the longitudinal CRV is (7.77 ± 0.02)% (average value ± standard error), ranging between (2.84 ± 0.05)% and (13.0 ± 0.23)%. In contrast, the average value of the latitudinal CRV is only (2.70 ± 0.01)%, ranging between (1.45 ± 0.03)% and (4.16 ± 0.11)%. The variability for the five longitudinal bands presents a notable annual cycle with maximum values in February or March and minimum in August or September. Latitude variation is much larger than longitude variation, perhaps due to the effect of meridional circulation [39, 40] . Meridional circulation, which transports ozone from the source region of lower latitudes into higher latitudes, plays an important role for higher latitudes. This process causes the big difference between higher latitudes and lower latitudes. The seasonal variation will be discussed in Section 4.2.2. In order to analyze the latitudinal variations of TOC over the Yangtze River Delta, we derived the daily differences between the northernmost latitude (33.5°) and the other latitudinal bands in Dobson units (DU) for the period 1978-2013. Table 1 shows three statistical parameters for quantifying the variations, including the average, standard deviation (SD), and coefficient of determination (R 2 ). There is a very large difference between the northernmost latitude (33.5°) and the southernmost one (28.5°). The averages of the 33.5° band are significantly higher than those of the 28.5° band, with +21.9 DU. The difference in SD between two extreme bands (the northernmost one (33.5°) and the southernmost one (28.5°)) is very small, only +8.9 DU. Besides, almost all the averages and SDs in the northern bands are higher than their counterparts in the southern bands. In addition, with the increase of distance, the difference becomes more and more significant, and the maximum value is reached when the distance is the farthest. We also derived R 2 values for measuring the variations between different bands in more details. with the increase of the distance, which is consistent with our previous result. Similar analysis was conducted on longitudinal bands (Table 2) . Westernmost band and other bands were used to calculate R 2 . Almost all the statistical parameters in eastern bands are higher than the western ones, whereas the difference is negligible. The average of the easternmost band is slightly higher than the westernmost band, with +1.7 DU. The two extreme bands give a minimal R 2 of 0.85, it implies that the two extreme bands still have a good consistency and longitude difference has much less effect on TOC variability than latitude difference. Therefore we only use latitude bands for the following temporal analyses. 
Temporal Variability
Long-Term Variability
In order to analyze the daily TOC variability from 1978 to 2013 over the Yangtze River Delta, we chose the data of the 31.5°N band as an example. The data from the overlapped time range were adopted to evaluate their differences by using correlation analysis (Figure 3 Figure 4 . However, the general trend of the TOC variations cannot be easily identified because of the background of the natural TOC variations (mainly the seasonal cycle) [29] . Therefore, we removed the seasonal variability by best fitting the annual cycle using Equation (2) were subtracted from the original series. After that the effects of Quasi-Biennial Oscillation (QBO) [42] [43] [44] were also removed through a 24-month running average [45] . The long-term variations of TOC over YRD is shown in Figure 5 . A distinct TOC decline can be observed clearly from 1978-1999. By contrast, the TOC during 2004-2013 shows only a slight decrease. Although the TOMS ozone data since 2000 had been recommended not to be used for trend analysis, a decline trend can still be easily identified from Figure 5 . A similar decreasing trend was also observed by previous studies at mid-latitudes (Portugal, Oslo. and northern mid-and high latitudes of Europe) [10, 29, 46] . The major cause of the ozone decrease over mid-latitudes from 1978 to the mid-1990s was the increase of the Equivalent Effective Stratospheric Chlorine (EESC). An annually averaged decrease of about 2.5% resulted from EESC in the column [46] . The effect of EESC, which is calculated from the emission of man-made ozone-depleting substances (such as chlorofluorocarbons and Halons), is concentrated in the upper stratosphere as well as the lower stratosphere [34] . It also contributed to the ozone depletion at mid-latitudes from the mid-to late 1980s [6] . The rapid decline from 1982 to 1984 and from 1991 to 1994 could be ascribed to the El Chichón eruption in 1982 and the Mt. Pinatubo eruption in 1991 [47] . The 11-year cycle of the solar flux can also have a measurable influence on the TOC [48] [49] [50] ; some researchers found a solar correlation with ozone at 22 months' lag, which makes this delay a natural choice in trend analyses [10] . Additionally, the QBO and the planetary-wave activity may also affect the ozone variability [19, 29, 51] .
By subtracting the seasonal variation and the 24-month running average, we obtained two residual series (Figure 6 ), which still have a variability of about ±40 DU. Previous studies demonstrated that many factors may contribute to ozone variability at mid-latitudes, such as large volcanic eruptions, Arctic ozone depletion, long-term climate variability, changes in the stratospheric circulation, and the 11-year solar cycle [46] . Some other researchers thought it was also related to detrended temperatures at 100 hPa and 500 hPa levels, El Niño-Southern Oscillation (ENSO) events, and eight teleconnection patterns [10] . Figure 7 . The seasonal variation presents a nearly perfect sinusoidal wave with the maximum value in April or May and the minimum in October or November. In analyzing the seasonal variability, this section takes the 31.5°N latitude band as an example. As can be seen from Figure 7 , there is an apparent increase in winter and decrease in late spring/summer. The TOC reaches its maximum of 318 DU in April and minimum of 277 DU in October. Seasonal change is 41 DU, which is about 13.9% of the mean value of 296 DU. The seasonal variability is attributed to the photochemical factors and the dynamic factors [39] . Solar radiation is like a double-edged sword for the atmospheric ozone because it is one of the major driving forces for both its production and destruction. Ozone is produced predominantly in the tropics [52] [53] [54] ; photochemical reactions accelerated by the high-intensity solar radiation lead to the production of ozone. However, the TOC in the tropics is very low all year round [21] because Brewer-Dobson circulation transports the ozone from low latitudes to higher latitude areas [40] . Therefore, it is not surprising to see that there is an increase of TOC from last November to this April in YRD mainly because in this period the transport of Brewer-Dobson circulation is dominant. The decline of TOC in YRD from April to October should be due to the increasing solar radiation and the decrease of the transport in the northern hemisphere [29] . In the mid-latitude region, the photochemical reactions catalyzed by solar incident accelerated the destruction of ozone. In Figure 7 , we can also find that the TOC value is larger at higher latitudes than at lower latitudes, especially from December to April. This may be related to the larger planetary-wave amplitudes, which are modulated by the tropical zonal winds. The tropical zonal winds have considerable inertia because of the flywheel effect [52, 55] . 
Short-Term Variability
To analyze the short-term variability, DDV is calculated for each latitudinal band. The monthly mean DDV for each band from 28.5°N to 33.5°N is shown in Figure 8 . It can be seen that the trend of each band presents a notable annual cycle, with the maximum in February and the minimum in August or September. The DDV values of almost all months decrease from February to August or September, and then increase from August or September to the next February. Besides, the DDV in northern latitudes is slightly larger than in southern latitudes for all months (except August). The difference between 33.5°N and 28.5°N ranges between 0.1% (August) and 2.1% (February). These day-to-day evolutions of TOC are mainly caused by tropospheric weather patterns [8, 56, 57] . The total ozone is higher in the rear and near the center of surface low-pressure systems, while it is lower near surface high-pressure systems. Therefore, the day-to-day changes are related to these dynamical parameters: the free tropospheric temperature, the lower stratospheric temperature [52] , the geopotential height [44] , the tropopause height [58, 59] , and the potential vorticity of the lower stratosphere [60] . Figure 8 also shows that the dynamical variability in winter is stronger than in summer.
The short-term variations of the TOC reveal a short system memory of the ozone in the Earth's atmosphere. This system memory is sometimes persistent, which can be useful for predicting the TOC variation. In order to characterize the system memory over the Yangtze River Delta, the temporal autocorrelation coefficients (TAC) (Equation (4)) were calculated with a time lag up to 400 days. Two TAC series were calculated based on original and residual TOC series, respectively. Figure 9 shows the evolution of TAC values for the original and residual TOC series in the 31.5°N latitude band. There is a noticeable difference between the two series. In the original series, a fast decrease of the TAC within 12 days is observed. It also can be seen that this decrease begins to slow down and stabilize at 12-26 days. After 26 days, the TAC for the original series decrease almost linearly. In order to measure the TOC system persistence, some other ozone persistence studies define a decorrelation benchmark as 1/e ("e" refers to the base of natural logarithms) [38, 40] . From Figure 9 , the TAC values decrease to 1/e after 40 days, which indicates that the corresponding time lag and the TOC system persistence is about six weeks. After this, the TAC is nearly zero at a time lag of 103 days, and then reaches its minimum around −1/e at 195 days. From then on, TAC starts to increase, reaching zero at 278 days, +1/e at 377 days. For residual series, the declining rate of TAC is faster than original series within the first 12 days. It decreases rapidly below the 1/e within five days, and to below 0.1 within 29 days. After 29 days, the trend becomes stable with a range of ±0.1. These differences indicate that our methods in Section 4.2.1 (detrending and deseasonalizing the TOC series) are valid, and the deviation of residual autocorrelation coefficients series is mainly related to climatic and dynamic factors. 
Conclusions
The main purpose of this study was to understand the spatiotemporal variability of total ozone using satellite data (TOMS and OMI) over the Yangtze River Delta for the period 1978-2013. The results of this study can be summarized as follows:
For the spatial variability, the latitudinal variability is significant ranging between 3% and 13%, and it also represents an annual cycle with a maximum in February or March and a minimum in August or September. In contrast, the longitudinal variability is less significant; it varies between 2% and 4%. The annual cycle in longitudinal variability can also be easily identified.
The long-term trend represents a notable decline for the period 1978-2013 and two sub-periods (1978-1999 and 2004-2013) . The ozone depletion is significant during 1978-1999, with a linear trend from (−3.2 ± 0.7) DU/decade to (−10.5 ± 0.9) DU/decade. By contrast, the decrease of ozone during 2004-2013 is not clear. The trend of whole time series still declines at (−1.8 ± 0.4) DU/decade.
For seasonal variability, a distinct seasonal signature on TOC is found, with a maximum in April or May and a minimum in October or November. This seasonal cycle is also affected by solar radiation and photochemical factors. The day-to-day changes have demonstrated a significant seasonal cycle, with a maximum in February and a minimum in August or September. This is related to tropospheric weather patterns including the free tropospheric temperature, the lower stratospheric temperature, the geopotential height, the tropopause height, and the potential vorticity of the lowermost stratosphere. The TOC system persistence can last about six weeks; after that, autocorrelation coefficients gradually drop to minimal.
